Introduction
The analysis of burned human remains is of great interest among forensics and anthropologists due to the problems associated to their recovery, identification and classification [1] . Burned bone samples provide knowledge of changes in bone in order to use this information for anthropological and forensic studies [2] . Consequently, during the last decades, the number of published papers on burned bone analysis has increased [3] [4] [5] .
Burned bones could be classified as carbonized and calcined depending on the thermal exposure, exhibiting a black appearance (carbonized) due to skeletal material and soft tissue or a white appearance (calcined). Burned bones are incinerated when the thermal alteration is so prolonged and intense that all the organic materials and moisture were lost [6, 7] . Estimation of the maximum exposure temperature is a crucial factor for the correct interpretation of burned bones, being the change of colour an employed method as temperature range indicator [6, 8] . Colour has been described qualitatively by visual comparison with standard charts, such as the Munsell Soil Color Charts [9] . However different perceptions or changes in lighting conditions can significantly modify the results [6] . Another method used to colour determination was suggested by Devlin et al. [10] using CIE L*a*b* (CIELAB) uniform colour space for the recording of bone surface colour data. However, mistakes on the methodologies employed for burned bone classification and analysis have recently been stressed. Some authors indicate that colour of bone fragments is a combination of temperature, duration of elevated temperature treatments, oxygen presence during combustion and context of incineration. All those factors should be considered [11, 12] . Nicholson [13] found the colour changes greatly varied between bones, attributing these observations to different organic content and bone chemistry.
Symes et al. [14] indicate that different colour alterations can be found within a single skeleton and even on a single bone, especially in cases of burning of fleshed remains.
Also, other aspects, as external and diagenetic factors, could modify the bone colour producing similar changes than those caused by high temperatures [15] [16] [17] . Overall, study of burned remains is a difficult interpretative challenge for forensics and anthropologist due to different factors and aspects to be considered.
As the temperature increases, the hydroxyapatite present in bones has an increased crystallinity and forms stable and large crystals [18] , starting the most important transformation at 600 o C [11] . Lanting et al. [19] perceived the potential of calcined bones for radiocarbon dating, indicating that all previous attempts to date burned bones failed because they were treated as carbonized bones. Exchange processes of bicarbonate ions dissolved in soil waters produce a bio-apatite contamination which results in too young 14 C dates, not occurring that on calcined bones [20] . During the last decade an increment of calcined bones radiocarbon dating studies has been produced [21] [22] [23] [24] .
Several studies were carried out to understand the bone mineral elements behaviour under thermal conditions and the influence of post-depositional processes in skeletal remains [25] [26] [27] [28] . Some works have shown that post-mortem processes equally affect cremated and non-cremated ancient bones [27, 28] . Elemental composition studies made on incinerated bones were carried out by Grupe et al. [25] , concluding that paleodietary reconstruction is limited due to volatilization and crystal modifications caused by high temperatures. However, for Sr/Ca, a ratio which is the most used method for palaeodietary reconstruction, it is possible to use regression analysis.
Indeed, the presence of hydroxyl groups in bone apatite continues to be a topic of controversy. Some studies believe that a number of hydroxyl groups are present in archaeological bones [29, 30] while others argue that bone apatite does not contain detectable concentrations of hydroxyl groups [31, 32] ), are also produced [33] .
Additional studies are needed to get deep information on the mineral composition of remains, crystallinity of samples and the influence of soil component exchanges. Infrared spectroscopy (IR) has been used to assay the modifications of bone apatite during calcinations, mostly on experimentally heated bone [34] [35] [36] . However, the relative impacts of temperature and exposure time remain unclear and IR could be also useful to evaluate the presence of major mineral elements in bone remains.
The aim of the present study has been to select the most suitable samples to carry out forensic studies and, to do it, the evaluation of near infrared spectroscopy has been employed being used chemometric tools as Principal Component Analysis (PCA), Cluster Analysis (CA) and Partial Least Squares-Discriminant Analysis (PLS-DA). Carbonized bones are more prone than calcined ones to degradation by exchange processes with soil, for that a classification of bones allows ensuring analysis results. Internal part, external part of burned bones and sediment samples were analysed for a better understanding of postmortem bone modification processes. Furthermore, it has been evaluated the simultaneous determination of calcium, magnesium and strontium in burned bones by PLS-NIR in order to provide environmentally friendly screening tools to evaluate the presence of mineral elements in bones.
Material and methods

Samples
Thirty-eight burned bone samples, from Corral de Saus Necropolis were studied [28] . This site was dated between the III and II centuries B.C., a period in which cremations were placed in urns where each one contained the remains of a single individual. Bones were oxidizing atmosphere and burning conditions. Additionally, unburned animal bones and sediments were obtained from the inside of urns, mixed with ashes, carbons and human bones. To carry out the study fifteen internal part of bones (seven carbonized and eight calcined), seven external part of bones (being obtained from the first 2 mm of bone directly in contact with the sediments), seven unknown bones, four unburned animal bones and six sediment samples were used.
Additionally, 31 unknown samples from Las Peñas Necropolis [37] were analysed and the certified material Bone ash NIST 1400 and soil GBW07408 were used for evaluating the analytical method.
Apparatus and methods
A Fourier transform near infrared (FT-NIR) spectrometer, model Multipurpose Analyzer (MPA) from Bruker (Bremen, Germany) equipped with an integrating sphere, was F measurement control of the spectrometer, as well as for data acquisition, Opus 6.5
software from Bruker was used.
Optima 5300 DV Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
Perkin Elmer (Norwalk, CT, USA) equipped with an autosampler AS 93-plus and a cross flow nebuliser was used to obtain reference values on the mineral composition of samples. Samples were previously calcined in a muffle furnace Biometa Lenton ECF 12145A (Lanera, España) and digested with acids using a heating plate Ika C-Mag HS7
(Staufen, Germany).
Reference method
Samples were analysed after acid digestion using ICP-OES. The digestion method consisted of the addition of 1.5 ml HCl HNO bones and soil. Digestion of samples was carried out in a water bath at 100 o C for 40 min.
The digested solutions were quantitatively transferred to plastic tubes and diluted to a and 1068 µg g -1 for strontium.
NIR procedure
NIR spectra were directly obtained by diffuse reflectance in Kubelka Munk units from pulverized samples placed inside glass vials of 11 mm internal diameter and 25 mm height. Sample spectra were obtained from 14000 to 4000 cm 1 by averaging 50 scans per spectrum using a nominal resolution of 4 cm 1 , as instrumental conditions. The background spectrum was acquired from the integrating sphere under the same instrumental conditions than those employed for sample measurements. Three measurements of each sample were obtained by rotating the sample vial position between replicates in order to ensure a better reliability. The means of the triplicate spectra of each sample were employed for chemometric treatment.
NIR Quality Control (QC)
Bone samples were measured in triplicate. Certified reference material Bone ash NIST 1400 was measured under the same conditions than samples in three different times during each measurement session during 18 days: at the beginning of the session, in the middle and at the end of measurements. In order to evaluate the proposed method, interday precision and accuracy of measurements obtained for Bone ash NIST 1400 were used.
Precision was expressed as the coefficient of variation of the results obtained during 18 different days and accuracy was expressed as the bias between the predicted and the certified value divided by the certified value, expressed as percentage.
Chemometric data treatment
Data PCA allows a reduction of variables and provides projection of data in a new space related to the minimum of independent variables suitable to explain an appropriate amount of data variance, so that, enhancing and easing data exploration and interpretation [38] .
Cluster Analysis differs from PCA in its capability to detect similarities between samples and to define groups of samples from their spectra. Similarities among samples are estimated by means of distances: similar samples are characterized by small distances and the opposite for dissimilar ones. The dendrograms obtained encode the cluster structure of data and the partition of samples is obtained by cutting the dendrogram at the desired level of similarity [38] .
PLS-DA is a linear classification method that combines the properties of partial least squares regression with the discrimination power of a classification technique [39] . PLS regression was applied to NIR data in order to develop prediction models for calcium, magnesium and strontium content in bone samples. Different spectra pre-processing, including multiplicative scatter correction (MSC), standard normal variation (SNV), a Savitzky-Golay first (FD) and second derivative (SD), and mean center (MC), were tested to treat raw data prior to the PLS regression using different spectral regions. The performance of PLS-NIR models was evaluated according to the root mean square error of cross validation and prediction (RMSECV and RMSEP), the correlation coefficient of prediction (R 2 pred), relative root mean square error of prediction (RRMSEP) and residual predictive deviation (RPD), calculated as the ratio between standard deviation (SD) of the prediction set and the RMSEP values [42] . Figure 1 shows the NIR spectra of: a) calcined bone, b) carbonized bone, c) superficial part of bone, d) animal bone and, e) sediment samples, in the region between 9000-4000 cm -1 without any data pretreatment. The spectra region between 5500 and 8000 cm 1 corresponds to the first fundamental overtone of the mid-infrared OH stretching vibration, the region between 4000 and 5500 cm 1 is ascribed to the water OH overtones and carbonate combination bands, and the region between 8000 and 12000 cm 1 is related to the second fundamental overtone of the OH stretching vibrations and also includes electronic bands resulting from the presence of transition metal ions in the structure [43] . Position and assignment of the different bands is given in Table 1 [44] [45] [46] [47] .
Results and discussion
NIR spectra
Main differences found between burned bones as a function of their treatment are based on the band located at 6977 cm -1 , assigned to the first overtone of the stretching vibrations of OH group in hydroxyapatite. This band is higher in calcined bones than in carbonized ones. Additionally, the band at 5275 cm -1 is related to apatite, present in carbonized bones and not in calcined ones. These two differences can indicate the substitution of CO 3 in the OH -site through A-type substitution due to the loss of hydroxylation degree during the carbonization process, being these bones less resistant to diagenetic alteration than calcined ones.
Exploratory analysis:
Principal component analysis (PCA)
PCA is nowadays the most common chemometric strategy for unsupervised exploratory data analysis. Scores plot often gives a good view of how the trends from different components relate to each other. Figure 2 shows the scores plot for first and second principal components obtained from PCA treatment of NIR spectra of samples from Corral de Saus and Las Peñas Necropolis. After FD and MC pre-treatment and, selecting the region from 9000 to 4000 cm -1 , the two first principal components represent 72.61 % of the explained variance, being 41.39 % and 31.22 % explained by PC1 and PC2, respectively. It can be appreciated that NIR spectra of sediment samples are clearly different from those of internal part of bone samples in the direction of PC1 and that, a few spectra of external part of bone samples are located near of sediment and others near of the internal part of bones. As It has been already evidenced [28] this indicates that external part of bones had undergone stronger changes than internal ones due to digenetic factors. Also, in the direction of PC2 it can be seen that calcined bone sample spectra from Corral de Saus are located down, and carbonized bone spectra are placed up.
Additionally, Las Peñas bone spectra are located close to these of internal part of bones from Corral samples It indicates similarities between these two groups. The same can be observed for SRM Bone ash NIST 1400 spectrum. Figure 3 shows loading plots in order to understand the distribution of samples in PCA, indicating that responsible wavenumbers are ones around 7000 cm -1 and between 5500 and 4000 cm -1 . Consequently, it can be seen that PCA analysis using NIR offers a fast and green tool to identify changes in bones caused by environmental factors.
Hierarchical cluster analysis (HCA)
Hierarchical cluster analysis (HCA) involves a measurement of the similarity between objects to be clustered, and thus samples with the maximum similarities in their NIR spectra were clustered together preferentially. Figure 4a shows the dendrogram obtained from samples of Corral de Saus after FD and MC pre-treatment of NIR spectra and selecting the region from 9000 to 4000 cm -1 , using the average-paired as a distance measure. It can be seen that for a minimum cut off value of 0.016, all samples were classified into two main groups, which correspond to samples with common characteristics, like sediment and bones. The first group incorporates all sediments.
However, it also included 5 samples of external part of bones, probably because these samples were altered by environmental factors. The second group is based on internal part of bone spectra, where it can be seen animal ones together with carbonized and calcined bones with also unknown samples and 2 external parts of bones. Additionally, it can be appreciated general trends in the behaviour of samples. For a cut-off value of 0.012 samples were classified as sediments, animal bones and internal part of bones. For a cut-off value of 0.0075, samples were classified as calcined and carbonized bones. From the aforementioned facts it can be concluded that samples similar to sediments, as external part of bones, are included in this group, and samples different to the soil, as calcined bones, are placed in the opposite part of the dendrogram obtained from NIR spectra. So that, HCA indicates that calcined bones presents fewer structural changes than carbonized and external part of bones.
Furthermore, Figure 4b shows a dendrogram established from spectra of internal part of bone samples that was build using a K-means nearest group as distance measure. Here, it can be appreciated that for a minimum cut off value of 8·10 -3 , samples were classified into two main groups corresponding to calcined and carbonized bones, respectively.
Partial least squares for discriminant analysis (PLS-DA)
The main goal of PLS-DA is to build a calibration model that could be applied in future classifications. Burned bone class assignments are not always possible by looking at the remains colour. PLS-DA can be applied to classify bone samples depending from their burning conditions. A Calibration set was built using NIR spectra of internal bones of Corral de Saus assigned to the classes calcined and carbonized . Leave-one-out crossvalidation method was used in the training set to select the number of latent variable in the PLS-DA. The aforementioned model was applied to evaluate the NIR spectra of bone samples of unknown burning conditions derived from Corral de Saus and Las Peñas Necropolis, together with unburned animal bone samples. As it can be appreciated from Figure 5 , all animal bone samples were similar to carbonized bones, whereas some of the unknown bones were assigned to the class of calcined bones and others to the class of carbonized bones.
Therefore, it can be concluded that PLS-DA allows a screening classification to assign bone class as calcined or carbonized, avoiding the confusing visual interpretation. So that, as the calcined bones are more resistant to diagenetic alteration due to their high cristallinity, PLS-DA permits to do an adequate selection of bones in order to ensure forensic studies that could comprise biological or radiocarbon dating investigations, additionally than studies based on the mineral composition of human remains concerning cultural aspects as diets or life habits.
Prediction of major elements by Partial Least Squares (PLS) regression model
PLS regression models were built to predict the presence of major elements in bone samples from their NIR spectra. A total of 38 samples of Corral de Saus Necropolis were used as calibration set. To confirm the suitability of the chosen preprocessing strategy for model building, 31 samples of Las Peñas Necropolis were employed as external validation set. were removed for validation set of Sr. Figure 6 shows the correlation among the Table 3 .
NIR Quality Assurance and Quality Control (QA/QC)
Inter-day precision and accuracy of PLS regression models to predict Ca, Mg and Sr were evaluated from the analysis of archeological samples and a reference one. CV varies from 0.2 % till 1.8 % for Ca and Sr, being data found for Mg between 4.7 % and 13.8 %. On the other hand the bias obtained for the reference material was lower than 10 % in the case of Ca and Sr determination being obtained a range of relative errors between -4.3 % and -2.3 % for Ca and from 6.9 % till 9.9 % for Sr. In the case of Mg the accuracy relative errors varied from -26.5 % till -8.4 %. Moreover, PCA could evaluated the precision of the method by visualization of data projection due to the fact that replicates were placed all together and near of calcined bones.
Evaluation of methods
The developed NIR methodology allowed us to identify the best preserved samples and to predict Ca, Mg and Sr in burned bones. However it is necessary to evaluate advantages and drawbacks of the proposed methodology versus the reference one and in fact it can be concluded that NIR spectroscopy methodology is faster than ICP-OES for sample preparation and measurement and to obtain results. However, the lack of NIR sensitivity is the main limitation of the method, being only the major components of bones as Ca, Mg and Sr able to be determined and not the trace ones.
Moreover, evaluation of the proposed NIR procedure and the ICP-OES reference methodology was made by comparing them according by the so called Green Certificate.
The greenness of the analytical methodologies were evaluated by using the eco-scale proposed by Van Aken et al. [48] , developed by Galuszka et al. [49] and modified by Armenta et al. [50] to establish the Green Certificate. It includes a new criterion to quantify the penalty point values and associate the eco-scale value to a category class from A to G. Figure 7 shows the results of the green evaluation of FT-NIR and ICP-OES.
One penalty point was assigned to FT-NIR due to the consume of energy by the mineralization of samples in muffle furnace. The NIR procedure has a category class A on the Green Certificate with a mark of 99. For ICP-OES, the final mark was of 86.5 due to 2 penalty points assigned for the use of HNO 3 and HCl in the sample treatment, the use of standard solutions and argon for plasma generation; 3 penalty points due to the consume of energy by the muffle furnace and ICP-OES and 8.5 penalty points due to the wastes. So, ICP-OES can be considered as a B class in Green Certificate ranking.
Forensic applications
Forensic anthropologists correlate the maximum exposure temperature of bones remains with colour changes to obtain a correct interpretation of burned bones. This estimated temperature could be a difficult task being a subjective and confusing method due to different factors that should be considered such are; time, temperature, oxygen availability and external and diagenetic factors. PLS-DA by using NIR spectra permits an accurate burned bone classification avoiding the confusing colour interpretation.
Calcined bones are more resistant to environmental alterations than carbonized ones being thus calcined bones more adequate for investigation studies about radiocarbon dating and diet reconstruction by using Sr/Ca ratio. PCA analysis using NIR offers a fast and green tool to identify changes in bones caused by environmental factors. Therefore, an appropriate selection of samples could avoid interpretative errors related to the structure and chemical composition of bones that could be post-mortem modified by diagenetic factors.
On the other hand, the use of PLS-NIR as a screening methodology for Ca, Mg and Sr estimation offer an additional value to the use of NIR spectra in bone remains studies.
Conclusions
Interesting results were obtained using PCA, HCA and PLS-DA to classify burned bones.
PCA, using two principal components, was able to discriminate bone remains affected by post depositional diagenetic processes to those relatively free due to their lack of exchanges with the soil components. HCA permitted to clearly separate calcined and carbonized bones and could be useful to roughly understand the thermal treatment of unknown remains. PLS-DA multivariate provided an accurate tool to discriminate between calcined and carbonized and to classify accurately unknown burned bones.
From a prior study concerning buried bones from two late roman necropolises [51] the use of NIR spectroscopy combined with chemometrics provides a rapid and cost efficient method to screen the concentration of calcium, magnesium and strontium also in burned bones aiming to understand post-mortem changes by environmental degradation.
In short, it can be concluded that the proposed methodologies, based on the use of NIR spectroscopy combined with chemometric tools provide fast and green approaches to select the most suitable samples for forensic studies and evaluation of major mineral elements in bone remains. It is very important due to the fact that carbonized bones are more prone than calcined ones to post-depositional processes and those can produce mistakes during data interpretations. Additionally, PLS regression models built from NIR spectra provided a screening tool to predict Ca, Mg and Sr in burned bones. [45] 4966
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